Spin electronics as future? 5 The future miniaturization of electronics will be strongly impeded by energy consumption and heat generation in circuits via Joule heating Spin currents may be a means to circumvent such issues (especially charge free currents)
But how do we generate and detect spin currents? How can these be used effectively?
How much longer can Moore's law be sustained?
From "charge" to "spin" electronics Some Beyond-CMOS initiatives 6 In this set of lectures, we will give an introduction to some spin-dependent transport phenomena related to magnetic metals and explain some of the underlying physics Combined transport and magnetization dynamics gives clues to how magnetic materials can be used for data processing and storage
Ex. 1: Magnetoresistive random access memories (MRAM) 7
Some commercial products already available
Ex. 2: Spin-wave processing circuits 8 needs of ultrafast information--density information-storage deanoscale devices have been excent developments in advanced es. A prominent example is spin which are collective excitations red magnets. Through the propag many harmonic frequencies, ine transmitted along patterned etic materials. vious theoretical, numerical, and focused mostly on fundamentally odes of excited spin waves and cluding their controllability in iner-sized ͑or larger͒ real systems.
1 mulated technological implemennformation transmission and proogic gates, 2,3 logic circuits, 4 and y the reliable control of propagatll-behaved waveguides, 3,5-10 but 2, 3, 11, 12 down to less than minecessary for real applications of tension of our earlier study, 5 we of a planar-patterned magnonic-͒ that can be used for a promising spin-wave filter. This filter is us nanostrips of different width ected and made only of a single ., permalloy ͑Py͔͒. The underlying of magnonic band gaps and their width modulations, additionally, netic numerical calculations.
10 nm thick Py thin-film nanoen in Fig. 1 , the entire MCWG three parts. One is the widthdle and the other two are the 30 nm wide strips at both ends. The middle area, acting as spin-wave filter, is made of a planar-patterned width modu lation ͑here, e.g., W 1 = 30 and W 2 = 24 nm͒, with a periodic ity P = P 1 + P 2 and its repeating number N ͑see the inset o Fig. 1͒ . P 1 ͑P 2 ͒ corresponds to the segment length of the 3 ͑24͒ nm wide strip. This proposed MCWG is expected t yield scattering of initially propagating spin waves from the periodic edge-steps of the width modulations. The simu lation code used here is the OOMMF of version 1.2a ͑Ref. 13͒, which employs the Landau-Lifshitz-Gilber equation of motion. 14 Additional descriptions of the presen simulation are described in Ref. 15 . To excite and injec the lowest-mode spin waves with frequencies, f SW , rangin from 0 to 100 GHz, we used a "sinc" function, 5,16 H y ͑t = H 0 ͕sin͓2 H ͑t − t 0 ͔͖͒ / 2 H ͑t − t 0 ͒ with H 0 = 1.0 T ͑Ref 17͒ and H = 100 GHz. This field was applied along the axis only to the left-end local area ͑1.5ϫ 30ϫ 10 nm 3 ͒ indi cated by the dark-gray color in Fig. 1 .
To explore how the planar-patterned structure affect magnonic band structures, frequency spectra and dispersio curves were plotted ͓Fig. 2͑a͔͒ for spin waves propagatin along the x axis, at the pass of y = 15 nm, through the indi cated different structures of MCWGs. They were obtained b conducting fast Fourier transforms ͑FFTs͒ of the tempora M z / M s ͑the perpendicular component of the magnetizatio normalized by its magnitude͒ oscillations in the given nano strip of N = 0, 1, 2, 4, or 12. All of the dispersion curves ar ce should be addressed. Electronic mail:
10 nm 500 nm 30 nm P x N 0
FIG. 1. ͑Color online͒ Schematic illustration of the model thin-film MCWG The equilibrium magnetizations point in the −x direction in most areas, du to the shape anisotropy. The white-colored areas correspond to 30 nm wid nanostrips, and the blue-colored area represents the width-modulated par The left end indicated by the gray color is the local area for spin-wav excitation. The inset displays the two unit periods of the different widt modulations. 
In nite potential energy barriers, standing wave solutions Free particle Hamiltonian 1D Schrödinger eq.
Box, length
One k state in volume element Electrical conductivity, Ohm's law 13 Momentum of free electron is given by
In an electric field E and a magnetic field B, force acting on charge is
In E field alone, Fermi surface is displaced at a rate of It is made up of two terms, the first describing the fact that f is being driven away from equilibrium as the electrons are accelerated by the electric field and the second describing the relaxation back to equilibrium due to scattering processes. Below we shall show how this simple expression can be used to calculate the conductivity in a simple free electron model, in more complex models and in thin films. Let's start by looking at the simple free electron case since this will help us to understand some basic ideas. Thus
The electric current density then is
Define mean-free path as In nonmagnetic metals, Fermi surface is identical for spin-up and spin-down
In ferromagnetic metals, expect resistances for spin-up and spin-down channels to be different Electrical conduction assumed to take place via two independent spinchannels
Figure 1. Spin splitting of the density of states (ρ) in a ferromagnet due to the exchange field.
from a ferromagnet to a paramagnet by tunnelling through an insulator, this current is also polarized due directly to the density of states asymmetry. FM elements may thus be used as spin-polarized current sources in spin-electronic circuits. Most spin-electronic phenomena are based on either one or both of these asymmetries (whose common origin is the band structure splitting) prevailing in the relevant physical system [1].
Spin asymmetry: density of states asymmetry versus mobility asymmetry
In fact, the two asymmetries often compete with one another in spin electronics. The Fermi surface in most FM materials contains components which have both s-and d-character. The s-like effective masses are small compared to the d-like masses and so any current that flows is primarily mediated by s-electrons. However, the d-electrons are significantly split by the exchange interaction and as a result present very different densities of states into which the s-electrons may be scattered. Thus, from figure 1, the down s-channel (whose spin type has a large d density of states at the Fermi energy) suffers the most scattering and hence has lower mobility than the other s-channel: this latter consequently carries most of the current. Thus in a system with s-and d-like character at the Fermi surface, the tendency is for the current to be carried by the minority carriers (where 'minority' is taken to mean those with the lower density of states at the Fermi energy, and this convention will be used throughout this paper) whereas in a half-metallic ferromagnet (see next section), the current may only be carried by majority carriers. This conflict between the two types of asymmetry is one reason why spin-tunnel devices (section 6) have an advantage over their competitors since they exploit only the density of states asymmetry; hence, the mobility asymmetry has no chance to compete and reduce the overall device performance. This has direct relevance to the question of spin injection into semiconductors.
The half-metallic ferromagnet
In the extreme limit of spin asymmetry lies the half-metallic ferromagnet [2] in which the band structure splitting is such that only one spin channel has available states at the Fermi surface and hence all current must be carried by these so-called majority spins. Practical examples include chromium dioxide (CrO 2 ), lanthanum strontium m and some Heusler alloys. In rea spin-electronic behaviour is fraug do with the interfaces. Convers bulk electrical conduction deplo due to hybridization, form half-m materials.
Spin injection across an inte
Now that we have considered t the origin of spin asymmetry, w important phenomenon which lie electronic devices. Providing one in the electrical transport of a fe is passed from this ferromagne silver or aluminium, it brings wi angular momentum and hence als magnetization which builds up in as a spin accumulation ( figure 3) . equilibrium between the net spinand the spin-flipping rate in the follows that the spin accumulation from the interface on a length sca length'.
Two-current model 20
Spin-mixing can occur, but rare (at low T) compared with spin-conserving scattering processes Spin-orbit interaction and electron-magnon scattering can lead to spin flips (Question: Why? Which symmetry principles underlie these processes?) 
Slater-Pauling curve

CHAPTER 7. ITINERANT-ELECTRON MAGNETISM
level is high. After the transfer, there will be more spin-up electrons than spin-down electrons, and the magnetic moment, which has arisen, will be equal to
We will first derive a simple band model, which accounts for the existence of ferromagnetism. The interaction Hamiltonian, following the above definition of can be
Stoner criterion
Localized moments 23 Magnetic material described by ordered array of local spins
Interaction between nearest-neighbour spins determines magnetic order
J i,j
Works well for magnetic insulators, rare-earths (well-localized f shells)
Easily generalized to continuum models, micromagnetics simulations
Localized moments vs itinerant ferromagnetism 24
Nevertheless, the localized spin picture, which corresponds directly to insulating magnets, produces results that work very well for metals.
What about the 4s electrons, which are very active in conduction processes in transition metals (effective masses for 3d electrons are larger)?
In transition metal ferromagnets, both 3d and 4s electrons play a crucial role, although separating them into two distinct groups is a little questionable ... 
Topical Review Figure 1 . Spin splitting of the density of states (ρ) in a ferromagnet due to the exchange field.
Spin asymmetry: density of states asymmetry versus mobility asymmetry
The half-metallic ferromagnet
In the extreme limit of spin asymmetry lies the half-metallic ferromagnet [2] in which the band structure splitting is such that only one spin channel has available states at the Fermi surface and hence all current must be carried by these so-called majority spins. Practical examples include chromium dioxide (CrO2), lanthanum strontium manganite (La0.7Sr0.3MnO3) and some Heusler alloys. In reality, obtaining half-metallic spin-electronic behaviour is fraught with problems mainly to do with the interfaces. Conversely, some materials whose bulk electrical conduction deploys both spin channels may, due to hybridization, form half-metallic interfaces with other materials.
Spin injection across an interface: spin accumulation
Now that we have considered the basic principles behind the origin of spin asymmetry, we can briefly consider an important phenomenon which lies at the heart of early spinelectronic devices. Providing one carrier spin type is dominant in the electrical transport of a ferromagnet, when a current is passed from this ferromagnet to a PM metal such as silver or aluminium, it brings with it a net injection of spin angular momentum and hence also of magnetization [3] . The magnetization which builds up in the new material is known as a spin accumulation (figure 3). Its size is determined by the equilibrium between the net spin-injection rate at the interface and the spin-flipping rate in the body of the paramagnet. It follows that the spin accumulation decays exponentially away from the interface on a length scale called the 'spin diffusion length'.
R122
But there are many subtle points ... beyond the scope of these lectures (for a detailed discusion, see Mattis) 
Semiclassical electron transport
Different transport regimes 27
Full quantum Semiclassical Classical Degree of "quantumness"
Here, we will focus attention on semiclassical Boltzmann theory Semiclassical : take into account Fermi-Dirac statistics and band structure, but use diffusion equation.
Why do we use it?
Because we get can quick results
Easily adapted to multilayer structures (important for spintronics!)
Captures most of the essential physics Metals: Remember, transport processes occur only at the Fermi surface.
Boltzmann theory describes time and spatial evolution of distribution function f.
Semiclassical theory 28
f 0 ( ) = 1 e β( −µ) + 1
Let f(k,r) denote the electronic distribution at a point (k,r) in phase space Evolution of f(k,r,t) given by total time derivative 
average over Fermi surface transport relaxation time (one example)
The full Boltzmann equation is very difficult to solve as it is a nonlinear partial integro-differential equation
We can still get insights into the main physics underlying transport with the following approximations:
Assume steady state is reached and neglect transient dynamics Use a relaxation time approximation to simplify the scattering integral
Example: Let's apply the Boltzmann treatment for the free electron gas.
Recall that
In the steady state and in the relaxation time approximation, we obtain a tractable form of the Boltzmann equation
We can do even better. Let's linearize about the equilibrium distribution function. Call g(r,k) the nonequilibrium part of the distribution. It is made up of two terms, the first describing the fact that f is being driven away from equilibrium as the electrons are accelerated by the electric field and the second describing the relaxation back to equilibrium due to scattering processes. Below we shall show how this simple expression can be used to calculate the conductivity in a simple free electron model, in more complex models and in thin films. Let's start by looking at the simple free electron case since this will help us to understand some basic ideas. Thus
Boltzmann equation
the last step arises as dk/dt is simply related to the rate of change of momentum and so to the accelerating force on the electrons due to the electric field, E. Here we have allowed the electron charge e to include its sign. In the last step we have only kept the derivative of f 0 in order to keep terms linear in E. The next step is to change the derivative with respect to k to one with respect to energy using the free electron relationship E = 2 k 2 /2m:
Trivial example: electrical conduction in an infinite metal Translational invariance: gradient term and µ → 0.
The current is It is made up of two terms, the first describing the fact that f is being driven away from equilibrium as the electrons are accelerated by the electric field and th second describing the relaxation back to equilibrium due to scattering processes Below we shall show how this simple expression can be used to calculate th conductivity in a simple free electron model, in more complex models and in thin films. Let's start by looking at the simple free electron case since this will help u to understand some basic ideas. Thus
the last step arises as dk/dt is simply related to the rate of change of momentum and so to the accelerating force on the electrons due to the electric field, E. Her we have allowed the electron charge e to include its sign. In the last step we hav only kept the derivative of f 0 in order to keep terms linear in E. The next step is to change the derivative with respect to k to one with respect to energy usin the free electron relationship E = 2 k 2 /2m:
Drude conductivity It is made up of two terms, the first describing the fact that f is being driven away from equilibrium as the electrons are accelerated by the electric field and the second describing the relaxation back to equilibrium due to scattering processes. Below we shall show how this simple expression can be used to calculate the conductivity in a simple free electron model, in more complex models and in thin films.
Spin-dependent and multilayer transport
Thus, the typical relaxation lengths are larger or equal to the film thicknesses used in metallic multilayers (d ~ 1-5 nm).
Is it justified to use Boltzmann theory?
Recall that all electrons on the Fermi surface participate to conduction, not only those with velocities/wavevectors perpendicular to the interface.
Furthermore, metallic interfaces are rough, which means any coherences are destroyed across the film.
So a diffusion equation like Boltzmann is OK.
Layer-by-layer approach 37
The layer-by-layer approach consists of: 
Layer-by-layer approach 38 Interface boundary conditions: consider ballistic transport across interface i.e. Reflection, transmission and diffuse scattering of electron plane-waves In the structure consisting of several layers (N), boundary conditions connect distribution function in a layer (L i ) with the distribution functions in the adjacent layers (L j ). Equation (3.4) can then be generalized to describe the chemical potential everywhere in the system:
(3.5) In the structure consisting of several layers (N), boundary conditions connect distribution function in a layer (L i ) with the distribution functions in the adjacent layers (L j ). Equation (3.4) can then be generalized to describe the chemical potential everywhere in the system:
(3.5)
The integral equation ( 
Layer-by-layer approach both sides of the boundary, the chemical potential varies within several mean-free hs of the interface. Resistance measured far from the interface, R 1 , is bigger then that asured right at the interface, R 0 , for interfaces where diffuse scattering dominates is close to 0). R 1 is smaller then R 0 for the interfaces where specular scattering inates (S is close to 1). Unlike the case of two identical layers, the resistance of the p-like barrier decreases as the amount of diffuse scattering decreases.
[24] Figure 4 .4 demonstrates the effect of diffuse scattering in the bulk of the layers on the rface resistance. In the case of a completely specular interface, S = 1, the variation nterface resistance as the function of the barrier height V 2 /V 1 is shown in comparison h that obtained by Barnas and Fert in the system of ballistic layers. [18, 19] In the sence of diffuse scattering in the bulk of the layers, both R 0 and R 1 are less than interface resistance obtained for purely ballistic transport. In the diffusive layer, ctrons reflected off the barrier can be scattered back on the barrier, and again have a nce to be transmitted through, making the interface resistance smaller. .7: Chemical potential profiles for S = 0.5, normalized with respect to potential drop eEl within each layer: a) in the three-layered system with the middle layer thickness much larger than the electron mean-free path in the layer, b) in the five-layered system with the middle layers thicknesses much larger than the electron mean-free path in the layers, c) in the three-layered system with the middle layer thickness much smaller than the electron mean-free path in the layer, d) in the five-layered system with the middle layers thicknesses much smaller than the electron mean-free path in the layers. from a ferromagnet to a paramagnet by tunnelling through an insulator, this current is also polarized due directly to the density of states asymmetry. FM elements may thus be used as spin-polarized current sources in spin-electronic circuits. Most spin-electronic phenomena are based on either one or both of these asymmetries (whose common origin is the band structure splitting) prevailing in the relevant physical system [1].
Spin asymmetry: density of states asymmetry versus mobility asymmetry
The half-metallic ferromagnet
Spin injection across an interface: spin accumulation
Now that we have considered the basic principles behind the origin of spin asymmetry, we can briefly consider an important phenomenon which lies at the heart of early spinelectronic devices. Providing one carrier spin type is dominant in the electrical transport of a ferromagnet, when a current is passed from this ferromagnet to a PM metal such as silver or aluminium, it brings with it a net injection of spin angular momentum and hence also of magnetization [3] . The magnetization which builds up in the new material is known as a spin accumulation (figure 3). Its size is determined by the equilibrium between the net spin-injection rate at the interface and the spin-flipping rate in the body of the paramagnet. It follows that the spin accumulation decays exponentially away from the interface on a length scale called the 'spin diffusion length'. 
